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Pb induces superconductivity in Bi2Se3 analyzed by point contact spectroscopy
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Some topological insulators become superconducting when doped with Cu and Pd. Supercon-
ductivity in a non-superconductor may be induced by proximity effect: i.e. Contacting a non-
superconductor with a superconductor. The superconducting macroscopic wave function will in-
duce electronic pairing into the normal compound. In the simplest topological insulator, Bi2Se3,
superconductivity may be induced with Pb. We studied with point contact junctions formed by con-
tacting Bi2Se3 crystals and Pb, glued and pressed with silver paste and/or applying low heat to the
Pb to improve the contact. Junctions were formed with a thin tungsten plated gold W(Au) wire as
one electrode, and the other Bi2Se3 and Pb. We study the characteristics of the electron coupling;
the transition temperature,TC , evolution with temperature of the energy gap, ∆, and 2∆/KBTC
ratio. The superconductor Bi2Se3-Pb behaves different as explained in the classical BCS theory.
In BCS a superconductor is only weak or strong coupled, depending on the electronic interaction
that form the electronic condensate. This differentiation is given by the size of the mentioned ratio.
BCS Typical values are 3.53 to about 4.3 for weak or strong coupling limits respectively. In this
study performed in Bi2Se3-Pb we found different values to the normal ones from 10 to 23, indicating
very strong limit. Those values never have been observed in other superconductor. The transition
temperatures found varies from 2.7 to 7 K. This information and other results will be presented in
this paper.
I. INTRODUCTION
With the discovery of topological insulators (TI) [1–
3] many theoretical and experimental studies have been
made in order to improve our knowledge of its new prop-
erties. In this work we are interested in the supercon-
ducting behavior induced by the so called proximity ef-
fect studied with point contact junctions (PCS), and in
the new properties of these TI superconductors [4–10].
In the new TI; Bi2Se3 and Bi2Te3 was found that both
compounds become superconducting when copper or pal-
ladium are doped or intercalated in the structural gaps
between TI layers [6–8, 10–15]. In these superconductors
the transition temperatures are low, TC ∼ 3− 5.5 K [6–
8, 10]. Actually many work with TI are been performed
to determine other metals that can produce supercon-
ductivity. The interest in these new superconductors is
to found the general behavior and to understand if they
present similar electronic pairing mechanism as given by
the BCS theory [8–10]. In BCS the electron pairing is
due to the interaction between two electrons at the Fermi
surface by a phonon exchanged of the lattice structure.
Among the important parameters and variables of the
theory, one is very related to the pair formation, the
2∆/KBTC ratio, where ∆ is the energy gap, TC is the
transition temperature, andKB the Boltzmann constant.
In BCS theory two possibilities exist for the strength of
the pair formation, the weak or strong coupling limit.
The weak limit is given by the number 3.53, whereas for
the strong limit the value is slightly above the weak. For
instance Pb, a typical strong coupled superconductor the
coupling is 4.3. Many more values for the ratio can be
found in Table 5.2 in Poole book for conventional super-
conductors [16]. In unconventional superconductor the
FIG. 1: (Color online) X- ray diffraction data of the
Bi2Se3 single crystal, and Rietveld refinement. Only the
(00l) reflections are observed. Inset shows electron
diffraction data of a thin layer of the crystal.
behavior may be very different, but no so, as Cuprates,
Arsenides, Fe based, etc. In these compounds the ratio
varies from 7 to about 8, although some of those values
may be controversial as estipulate in different publica-
tions. However this ratio has ever found bigger than 10
[17–22]. The conventional wisdom related to big values
of the mentioned ratio is that superconductors with dif-
ferent type of electron pairing could have different BCS
microscopic mechanism.
One of the main reasons to study superconductivity
in TI induced by proximity effect in Bi2Se3 is that it
is the simplest one found at present, with simple Dirac
2cone and large band gap, it has a very simple surface
states, which is quite different to Bi2Te3, the other well
known TI. this last TI has a large deviation of the Dirac
cone and this deviation can introduce extra difficulties
to understand the induced superconductivity. Hasan has
pointed out that in this TI may be induced a two dimen-
sional superconductor state [3], in similar form as occurs
in the high TC superconductors. i.e., this implies that the
majorana states may be manipulated [23] and including
the possibility to observe features and effects related to
those modes, and as final result different superconducting
mechanisms related to different electronic coupling. This
assumption was discussed by Qi and Zhang supposing
that in this TI could be induced a non trivial topologi-
cal superconductor and perhaps to be one of the ways to
probe the existence of majorana modes [4].
For the study of the induced superconductivity in
Bi2Se3 we choose PCS junctions as the experimental tool.
Tunneling and point contact spectroscopies are simple
tools and well appropriate to study superconductivity.
The compound was prepared with Bi2Se3 contacted with
Pb. A Pb foil induce the proximity effect because the
macroscopic wave function of the superconducting state
produces the pair formation inside the TI when two ma-
terials are in very close proximity. Our study was per-
formed using point contact junctions (PCS). These junc-
tions could give information about the microscopic mech-
anisms for the pair formation, and features and structure
of the Andreev reflections, and information about the en-
ergy gap.
Before to start the study, it is important to determine
the working regime of our PCS junctions. From theoret-
ical bases we determined the junctions working regime
using the BTK, model, which is well known [24]. In this
model the microscopic parameter used to determine and
characterize the junctions parameters can indicates if it
behaves as tunnel or metallic contact. Z is the parameter
used which according to the value, determines the junc-
tions behavior. A small value, close to zero means junc-
tions with pure Andreev behavior thus, a metallic con-
tact. Whereas values above zero mark the transition from
metal contact to tunneling regime. Value from above 1.5
may be considered with almost tunneling behavior.
Preparation of the single crystal Bi2Se3 were pro-
duced by mixing stoichiometric amounts of high purity
Bi pieces, (Sigma-Aldrich 99.999%), and Se (Alfa Aesar
99.999%), were grounded, pressed into pellets and sealed
in evacuated quartz tubes, heated for about 9 h to a
maximum temperature of 850 ◦C and held at this tem-
perature for about 24 h. After this procedure the tube
was slowly cooled to 630 ◦C and annealed for 24 h. The
last step was performed by quenching the tube into wa-
ter at room temperature. The single crystals present a
plaquette-like shape, length sizes about 0.5 - 1 cm, and
0.1 to 0.5 width. Phase identification was done with X-
ray diffractometer, Bruker D8 in a Bragg - Brentano ge-
ometry. Also electron diffraction microscopy was per-
formed. For this study mechanical exfoliation was per-
formed.
Surface morphology was determined in a scanning
electron microscope FEG JEOL-7600F equipped with
X-ray energy dispersive analyzer Oxford INCA X-Act.
Selected-area of electron diffraction patterns were ob-
tained in a Transmission Electron Microscope JEOL
JEM-1200EX. The crystal structure was confirmed by
X-ray diffraction, Fig. 1, by comparison with X-ray of
Bi2Se3 and Database (ICSD: 04 − 2545). The patterns
show a single phases. Reflections are very sharp indicat-
ing the high crystallinity and (00l) reflections from the
basal plane of cleaved sample and absences for the R3¯m
rhombohedral space group.
The structural characteristics of Bi2Se3 are the fol-
lowing; it has a rhombohedral crystalline structure with
space group R3¯m [25, 26], and parameters as a = 4.143
A˚, and c = 28.636 A˚. The structure is formed by layers,
with three double-layers of sharing-edges Bi2Se6 octahe-
dra stacked along the [00l] direction, equivalent to the
Se1−Bi− Se2−Bi− Se1 quintuple layers as often re-
ferred in the literature [8, 27, 28]. These double-layers are
weakly bonded via van der Waals interactions, resulting
in an easy cleavage material [27]. According, the struc-
tural characteristics Bi2Se3 may accept many chemical
modifications either by substitution or by intercalation
between the double-layers. To induce superconductiv-
ity by proximity effect we used a thin Pb foil, pressed
and/or glued to the TI with silver paint or by mechan-
ical attachment with low heating as well. Similar ex-
periments have been performed using mechanical gluing
with different high or low transition temperature super-
conductors [11, 12, 29–31]. The spectroscopic character-
istics determined with PCS junctions, were formed with
Bi2Se3-Pb (TI-Pb) as the main electrode, and the other
one to complete the junction was a thin wire of W(Au) 5
µ-m diameter. The spectroscopic characteristics, the An-
dreev reflections, transition temperatures, energy gaps,
etc, were observed at low temperature. The number of
studied PCS’s shown different transition temperatures,
depending in the close contact in both materials. The
energy gap extracted with the measured differential con-
ductance characteristic, dI/dV , showed the evolution of
the energy gap with temperature. The transition temper-
ature, evolution with temperature of the energy gap, and
the 2∆/KBTC ratio were determined. The ratio gives
values quite anomalous and big showing values from 10
to 23. Additionally, extra information was obtained by
determining the spectral features of the structure in the
derivative of the differential resistance obtained at the
lowest temperature. Clearly the structure may be re-
lated to the phonon spectra of the two components, the
Bi2Se3 and the Pb. The correlation of effects related to
phonon structure were observed and determined in PCS
by Yanson many years ago [32].
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FIG. 2: (Color online) Differential conductance of a
Bi2Se3-Pb junction from 1.7 to 10 K, left panel. At low
temperature are clearly noted the spectral
characteristics of the energy gap feature. Above 3 K
small features are distinguished related to the
superconducting Pb. Top right panel shows BTK fit of
G(V )/Gn - Bias voltage of the energy gap features at
T= 1.7 K induced by Pb, parameters were; ∆ = 2.64
meV, Z = 2.8. The right lower panel shows the
evolution of the energy gap with temperature. The red
red line) is BCS for Pb, 2∆/KBTC ratio is this junction
was 23.5.
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FIG. 3: (Color online) Left panel shows the differential
conductance of a PCS junction, the transition
temperature was very close to the Pb transition. All
curves were vertically displaced by a small amount in
order to have a clear view of the spectroscopic features.
Right panel shows the fit with BTK model values were
∆ = 3.3 meV, and Z = 0.73 at 2 K. The lower panel
shows the temperature evolution of the energy gap. The
lower panel also shows the anomalous big 2∆/KBTC
ratio .
II. RESULTS AND DISCUSSION
The characteristics of the TI cell parameters were de-
termined by Le Bail fitting, a = 4.1265(1) A˚and c =
28.6349(2) A˚. Results related to the structural charac-
terization are in Fig. 1. There we present the X-ray and
Rietveld refining. The inset is the spectrum of electron
diffraction of a thin layer of the single crystal used in
this experimental work. Data and spectrum show good
structural characteristics of the single crystal.
All PCS’s junctions studied were formed by a small
crystal layers of Bi2Se3, the thickness about 0.1 − 0.35
mm, and a foil of Pb with similar size of the Bi2Se3.
The two materials, Pb and TI were pressed together and
glued with diluted silver paint, and sometime a low heat
was applied to Pb in order to increase the contact. Both
materials were pressed with a small press to increases the
contact. This simple manner was used to maintain to-
gether the two materials and induces the proximity effect
in the Bi2Se3. As mentioned PCS’s were fabricated by
using a thin wire of W(Au), 5 µm diameter contacting
the TI-Pb sample on the TI surface. Junctions differen-
tial resistances varied from 1 to 25 Ω. Other PCS’s with
very small differential resistances, in the order to 1 to 5 Ω
were discarded because heating effect distorted the spec-
tral characteristics and were unstable, only high resis-
tance values, about 20 - 25 Ω were used avoiding heating
effects. The number of PCS’s fabricated were sufficient
to obtain a clear picture and reproducibility. Measured
PCS’s were more than 30 - 40. Only well reproducible
results were taken into account. Differential resistance
(dV/dI−V ) was obtained with the normal tools for tun-
neling studies; Lock-in amplifier and bridge, the inverse
of (dV/dI − V ), G(V ), was digitally obtained. As is well
known G(V ) at low temperatures is proportional to the
density of electronic states, and information about the
gap was obtained.
Figures 2 to 4 show result of our measurements per-
formed in three different PCS’s. The differential conduc-
tance of these PCS’s have similar values, but presents dif-
ferent spectroscopic features, which will be related to the
coupling of the TI-Pb system. The spectroscopic features
of the PCS varies because the closeness contact in both
materials. The features are therefore due by the cou-
pling of the superconducting macroscopic wave function
into the normal material. This coupling readily may be
determined by the transition temperature, size of the en-
ergy gap and 2∆/KBTC ratio, and by the spectroscopic
features observed on the background of G(V − eV ) from
low energies up to relative high values (similar to occurs
with the determination of phonon spectrum in normal
superconductors) and low temperature, after the sub-
traction of the energy gap was performed. Figure 2 is
the result of a measured PCS with Z = 2.8 and ∆ = 2.64
meV values at a temperature of 1.7 K. Right panel shows
the fitting of the normalized differential conductance (Gn
determined at 1.7 K. In this figure the data is the contin-
uous line whereas the pointed line is the fit to the BTK
model.
Fig. 2 right lower panel displays the temperature evo-
lution of the energy gap, two curves are shown; the curve
that displays the energy gap at about 2.5 K is the result
of the proximity effect in TI-Pb system. We displayed
the BCS evolution of the energy gap with temperature
of the Pb, for reference to emphasize the similar values
of the energy gap in this TI-Pb system. The 2∆/KBTC
4ratio is incredible big, about 23.5. This value was the
biggest in all our experiments.
Fig. 3 shows another PCS’s data measured from 2 to
10 K, left panel. The energy gap features are clearly
observed at low temperatures and disappears at about
7.1 - 7.2 K, Above 10 K no structural features are ob-
served. As in the other junctions characteristics at low
temperature the gap feature, clearly is seen at the center
of the curves, close to zero bias, and decreasing with the
increasing temperature. This figure also shows the nor-
malized data measured at 2 K, Panel right shows BTK
fitting with Z = 0.73, and ∆ = 3.3 meV. This PCS be-
haves as a metallic contact, with spectroscopic features
only related to Andreev reflections [32]. More informa-
tion was obtained from data of the same PCS. Above the
energy gap bias voltage the structure in the Differential
conductance clearly may be related to phonon spectrum
of the TI-Pb system, as explained many years ago by
Yanson when studying in point contact junctions [32].
It is interesting to pointing out another characteristics
seen in our junctions. Close to the zero bias voltage the
features related to the energy gap displayed a non sym-
metric structure. This can be see in the Data of Fig. 3,
in the right panel the two peaks have different values,
one bigger to the another. These nonsymmetric peaks
are shown in figures 2 and 3. The two conductance peak
of the energy gap feature show different conductance val-
ues. This anomalous characteristic looks quite similar
to the observed and found in heavy superconductor and
in other physical systems. For example similar charac-
teristics were found in URu2Si2 [33]. The anomaly was
related to a Fano resonance [34], and here in these ex-
periments the anomaly could be explained as an extra
interaction still not considered in the TI.
Lastly in this figure, the lower panel displays the evo-
lution of the energy gap feature with temperature. The
transition temperature was 7.1 K, only a little below Pb
transition. However, the 2∆/KBTC ratio, as in previous
experiments it is big, 10.94. Here at this point we need
to analyze the values and size of the ratios: With lower
transition temperatures ratio values are bigger with small
transition temperatures, whereas high transition temper-
atures shows lower ratios.
The last PCS junctions measured are presented in Figs.
4, it shows the overall evolution from 1.8 K to 7.2 K.
Close to zero bias voltage are the features of the energy
gap. More structure was observed here. Differential con-
ductance curve fitted with BTK at 1.8 K, gave Z = 6.8
which indicate a tunnel junction, with gap, ∆ = 3.8 meV.
Again the spectroscopic features of the gap, as in the
other case are anomalous, both peaks are different in
conductance value. However the energy gap evolution
as in other PCS’s follows BCS, Here the detrmined ratio
was 12.24.
More characteristics can be extracted in PCS which
include the possibility to observe the phonon spectra. In
this study we are in the possibility to correlate structure
observed with phonon spectrum in the structure obtained
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FIG. 4: (Color online) Normalized differential
conductance measured from 1.8 to 7.2 K, left panel and
right panel shows the spectroscopic features with BTK
at 1.8 K, note the additional structure above the energy
gap features. Determination of the gap feature gave ∆
= 3.8 meV, and Z = 6.8, the black continuous line is
experimental data. The lower panel displays the
evolution with temperature of the gap, extracted of the
characteristics. The fitting was performed only from
low temperature to 6.8 K. However, extrapolation at
high temperature indicates features close to 7.2 K.
2∆/KBTC ratio value is 12.24.
in our PCS’s. Fig. 11 shows the spectra ”phonon density
of states” obtained in four PCS’s once that the second
derivative of the voltage respect to the current was calcu-
lated, d2V/dI2 − Bias voltage-∆, (this is show in lower
inset). The upper panels, we plotted the normalized dif-
ferential conductance of Pb obtained by tunneling as in
Parks book [35], and the phonon density of states of the
Bi2Se3 as given by Rauh [36]. The lower inset displays
our results, we noted some similar structure with the real
data of the upper inset. There is a correlation between
the two spectrum, the obtained here, and the Pb and
Bi2Se3 already known. We believe that further analy-
sis of these spectrum are necessaries in order to have a
better understanding of the manner the two systems are
interacting.
Lastly, in this study we found different transition tem-
peratures with the different junctions studied, the differ-
ent transition temperatures were because the proximity
coupling due to the contact closeness of the two mate-
rials. The variations in the TC were from 2.7 to 7.1 K.
The coupling values for the ratio, 2∆/KBTC , in distinct
PCS, were bigger than for Pb, which is a strong coupled
superconductor with the bigger values of all known super-
conductors. As mentioned the energy gap characteristics
were fitted with the BTK model and parameter, Z. This
varies from ∼ 0.7 to 7.0. The results show the energy gap
evolution with temperature, and follows BCS theory. In
addition, extra information was obtained with the study
of the second derivative of the voltage respect to the cur-
rent (d2V/dI2 − Bias voltage-∆), which provides infor-
mation related to phonon spectrum. In old studies with
normal superconductors is a generalized test of energy
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FIG. 5: (Color online) This figure displays the density
of states of the phonon structure of Pb in the upper
inset ( obtained by tunneling measurements (orange
line) [35], and the phonon structure of Bi2Se3 as taken
of literature (green line) [36]. Lower inset shows our
experimental data, the second derivative of dV/dI of
four junctions with the TI-Pb sample. Qualitatively it
seems a close concordance with our data.
of the phonons that couples the superconducting pairs.
The background in the early studies performed in tunnel
junctions, G(V )−Bias voltage was related to the phonon
density interacting to form the superconducting state. In
PCS the initial studies related to phonon spectrum was
given by I.K. Yanson [32].
The results and characteristics of this new Bi2Se3-Pb
compound is resumed in our obtained data. Very strong
coupled limits by proximity effect induced with Pb were
observed. At the moment many questions remain, but
it is convenient to mention that because in TI the sur-
face sates are symmetry protected, and thus exist particle
number conservation and time reversal symmetry, and in
addition in 3D the Fermi surface may be in the conduc-
tion or valence band because the number of defect in
natural material. However this Bi2Se3 it was suggested
that the surface states may be considered as a new type
of 2 dimensional electron gas, therefore electronic char-
acteristic for the coupling may be similar to the cuprate
superconductors. According this 2-d system has to be
relatd to the so strong coupling limit [3, 4, 23].
In Conclusion; we studied with PCS’s the system
formed by a thin layers of the Bi2Se3 single crystal glued
to a foil of Pb and pressed to the TI with diluted sil-
ver paint. The junctions were formed with Bi2Se3-Pb
system, the junction was formed with an W(Au) wire as
second electrode firmly put on the surface of the TI. Mea-
surements were performed with the normal tools for tun-
neling or metallic contacts; lock-in amplifier and bridge,
an MPMS by Quantum Design used as the cryostat to
control the temperature. The characteristics of the junc-
tions were determined at low temperature, 1.7 or 2 K and
to 10 K. In all junctions the evolution with temperature
of the gap feature follows BCS, with different transition
temperatures. The junctions characteristics indicate su-
perconducting proximity effect with different couplings,
depending on the closeness with Pb. The energy gap
value was determined with BTK model, and with BCS
parameter, 2∆/KBTC , this varies from 10 to 23. The
extreme values of the ratio is indicative of an anomalous
strong coupling, never observed before. It is important
to mention that the anomalous big value of the ratio was
observed in all junctions, those values indicate the influ-
ence of the coupling strength but not in the transition
temperature. This value of the ratio is not clear in the
relationship of the electronic coupling strength with the
transition temperature; The junction with small TC has
the biggest ratio, whereas for similar TC values the ra-
tio is approximately equal. As mentioned by other re-
searches in Cu-Bi2Se3 similar big values were found and
without a clear interpretation of the results [37–40]. We
conclude that in this topic more theoretical and experi-
mental work are necessary to understand the new behav-
ior, find correlations in different TI and perform stud-
ies with weak and strong coupled superconductors, using
PCS junctions with simple superconducting elements as
Al, Sn, In.
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